INTRODUCTION {#sec1-1}
============

Multiple sclerosis (MS) is a demyelinating disease that causes chronic inflammation in the central nervous system ([@ref1][@ref2]). MS especially affects young adults and specified by lots of inflammatory cells and demyelinated lesions in the white matter of brain ([@ref1][@ref3]). The pathophysiology of MS is related to a functional disturbance in the immune system which leads to axonal damages ([@ref4][@ref5]). Although the exact mechanism of MS has not been yet determined ([@ref6]), oligodendrocytes are involved in repairing and regenerating myelin in lesions. It is likely that the failure in myelin restoration is caused by the lack of sufficiently formed new oligodendrocytes ([@ref7]).

Bee venom is a clear liquid that is soluble in water with a pH around 5 to 5.5 ([@ref8]). It contains various compounds such as peptide and non-peptide components, enzymes, biogenic amines, and phospholipids.

Melittin, the most prevalent substance of bee venom, is a peptide with anti-inflammatory and cytotoxic effects ([@ref9]). Apamin is the second most abundant peptide in bee venom (2-3% of dry bee venom) which is characterized by neuroprotective effects and ability to cross the blood-brain barrier ([@ref9]). Apamin selectively blocks axonal potassium channels named SK channels, a type of Ca^2+^ activated K^+^ channels that is especially expressed in central nervous system. These channels play an important role in controlling repetitive activity in central nervous system ([@ref10]). Furthermore, apamin inhibits Kv1.3 channels that are expressed in various tissues such as immune system and microglia cells ([@ref11]).

Recent researches demonstrated that treatment with whole bee venom could be effective against MS through anti- inflammatory properties in experimental autoimmune encephalomyelitis ([@ref12]). Considering proven effects of apamin on the ion channels and its ability to cross blood-brain barrier, in this research we studied the effects of apamin administration on myelin content in cuprizone-induced MS animal model.

MATERIAL AND METHODS {#sec1-2}
====================

 {#sec2-1}

### Animals {#sec3-1}

C57BL/6 mice were obtained from Royan institute (Isfahan, I.R. Iran) and kept in individually ventilated cages under standard conditions of 12/12-h light/dark cycles and controlled humidity with *ad libitum* access to food and water. All procedures were approved by Iran National committee for Ethics in Biomedical Research (ethical approval ID: IR.MUI.RESEARCH.REC.1397.387) which was performed in accordance with the Guidlines for the Care and Use of Laboratory Animals. Possible efforts were made to decrease animal number and distress.

### Experimental design {#sec3-2}

Male eight-week old C57BL/6 mice were randomly divided into six groups. Group 1 (negative control, n = 6) received the regular food pellets during the study and served as a healthy group. Rest of the animals were fed with pellets containing 0.2% (w/w) cuprizone (Sigma-Aldrich, USA) for 6 weeks to induce MS model of demyelination in the corpus callosum (demyelination phase) and those not sacrificed were fed with normal diet pellets for 2 additional weeks (remyelination phase). Group 2 composed of two subgroups of 6 animals each (n = 2 × 6) was recruited to evaluate the effect of cuprizone administration on demyelination after 6 weeks (first group sacrificed at this point) and remyelination (other group) after 2 weeks without any particular treatment. Group 3 (co-treatment group) composed of two subgroups of 6 animals each (n = 2 × 6). Both subgroups received apamin (100 μg/kg) intraperitoneally twice a week for 6 weeks. First subgroup terminated at this time and the second subgroup was fed normal diet for two additional weeks. Group 4 (post-treatment, n = 6) received apamin (100 μg/kg) intraperitoneally twice a week for 2 weeks after cuprizone secession. Groups 5 and 6 (vehicle, n = 6 in each group) received phosphate buffered saline as the vehicle of apamin during demyelination and remyelination phases. Changes in body weight, water, and food intake were measured weekly in each group. At the end of each phase, mice were deeply anesthetized and perfused.

### Cardiac perfusion {#sec3-3}

Mice were anesthetized with ketamine/ xylazine (80/10 mg/kg, intraperitoneally), and cardiac perfusion was done with 5 mL phosphate buffered saline to clear the blood from the circulatory system and continued with 5 mL of 4% neutral formalin. At the end of perfusion, the animal was decapitated and the brain was removed immediately from cranium and stored in cold fixative for 24 h ([@ref13]).

### Tissue processing {#sec3-4}

Samples were placed in tissue processor (Sakura Tissue Tek VIP E150, Sakura, Japan) and dehydrated with growing concentration alcohol baths followed by toluene clearing step to replace trapped alcohols inside the tissue.

Finally, tissue samples were solidified through a hot (44-60 °C) wax chamber. Then serial sections (5 μm) from the mid part of the corpus callosum were obtained and the best one was used for staining ([@ref14]).

### Myelin staining {#sec3-5}

Tissue sections were analyzed using luxol fast blue staining (Sigma, USA). Samples were placed in luxol fast blue overnight at 60 °C and washed with 95% alcohol followed by distilled water to remove the excess blue stain. The blue color was trapped in myelinated white matter after lithium carbonate exposure step (20 sec). Slides were washed three times with 75% alcohol and the background was stained with cresyl violet for 1 min. With this technique myelinated fibers (blue), neutrophils (pink) and nerve cells (purple) were visualized with different colors ([@ref15]).

### Imaging and myelin quantification {#sec3-6}

Images were taken using Nikon Eclipse 55i light microscope (Nikon, Japanese) with a 4× objective magnification and were processed with NIH Fiji software (National Institute of Health, Bethesda, Maryland, USA). To evaluate myelin changes, at first background was subtracted from images and then colors were separated through a defined region of interest using color deconvolution plugin. Density of all samples median corpus callusom was quantified three times with equation below:

![](RPS-14-424-g001.jpg)

where, X1 is the mean of measured integrity density of normal control and Xs is the same region of interest integrated density of each sample ([@ref16]).

### Statistical analysis {#sec3-7}

All data are presented as means ± standard deviation and analyzed with Shapiro-wilk for normal distribution. Statistical differences between various groups were analyzed by analysis of variance (ANOVA) followed by Bonferroni's Multiple Comparison post hoc test using GraphPad Prism software (La Jolla, CA, USA). Spearman correlation test was used to determine the relationship between measured variables. Values of *P* ≤ 0.05 were defined as statistically significant.

RESULTS {#sec1-3}
=======

To set up the model of axonal damage over the time, we performed 6-week cuprizone exposure in C57BL/6 mouse model followed by the remyelination process for 2 weeks. Signs of disease induction including loss of appetite, reduced physical activity, tail or limb paralysis, and further physical changes were not seen throughout the study. Interestingly more physical activity and climbing behavior were seen at the beginning of the exposure.

A total weight change between animals during the course of the study is shown in [Fig. 1A](#F1){ref-type="fig"}. The weight of animals in cuprizone group was significantly decreased as compared with negative control during the first week after the beginning of the study. However, during the 8 weeks of study a positive correlation between time and weight gain in all groups was observed (r, 0.93-0.98). During the study the average food (g/g BW) and water intake (mL/g BW) of animals in each group were measured per week. As it is shown in Fig. [1B](#F1){ref-type="fig"} and [1C](#F1){ref-type="fig"} food and water intake in cuprizone-exposed animals were lower than negative control during the first three weeks.

![Effect of apamin (100 μg/kg, intraperitoneally) administration during and after cuprizone exposure on (A) body weight, (B) water, and (C) food intake of C57BL/6 mice multiple sclerosis model. Mice were weighed once a week during the study. \*\*Shows significant difference (*P* \< 0.01) between apamin co-treated animals and the vehicle group; and \#\#\# indicates significant difference (*P* \< 0.001) between apamin co-treated and apamin post-treated subjects.](RPS-14-424-g002){#F1}

Axonal myelination content was determined after deconvolution of the loxul fast blue stained images of brain sections (Fig. [2A](#F1){ref-type="fig"}-[2G](#F1){ref-type="fig"}). A significant decrease in median corpus callusom density of white matter fibers was observed after 6 weeks exposure to cuprizone compared with the negative control (Fig. [2A](#F2){ref-type="fig"}, [2B](#F2){ref-type="fig"}). Apamin treatment (Fig. [2D](#F2){ref-type="fig"}, [2H](#F2){ref-type="fig"}) inhibited the excessive demyelination during the demyelination phase (*P* \< 0.001). Apamin also improved the remyelination and increased myelinated axons ([Fig. 2G](#F2){ref-type="fig"}) in comparison with the cuprizone group (Fig. [2E](#F2){ref-type="fig"}, [2I](#F2){ref-type="fig"}) in remyelination phase (*P* \< 0.05). Animals in demyelination phase after 6 weeks exposure to cuprizone had about 83% demyelination in median corpus callosum compared with the control group ([Fig. 2H](#F2){ref-type="fig"}). This was followed by a rapid remyelination within 2 weeks after cuprizone withdrawal ([Fig. 2I](#F2){ref-type="fig"}).

![Effect of apamin (100 μg/kg, intraperitoneally) treatment or phosphate buffered saline (vehicle group) on cuprizone-induced demyelination after 6 weeks (demyelination phase) or 2 weeks of remyelination (remyelination phase). In comparison with the (A) negative control (healthy group), significant myelin loss reveals in the (B) cuprizone-exposed animals at the end of demyelination phase. (C) Indicates the vehicle-administered animals at the end of demyelination phase. Significant restoration of myelin was observed in apamin treated groups during (D) demyelination phase and (G) remyelination phase. (E and F) Show cuprizone and vehicle group corpus callusom after remyelination phase respectively. Also, the calculated means of myelin contents in demyelination and remyelination phase between groups are shown in part H and I. Data represented as mean ± SD (n = 6 in each group). \*\*\* Indicates significant differences in comparison with control group, *P* ≤ 0.001. ^\#^*P* ≤ 0.05 and ^\#\#\#^*P* \< 0.001 show significant differences compared with apamin-treated groups.](RPS-14-424-g003){#F2}

DISCUSSION {#sec1-4}
==========

The cuprizone-induced MS is one of the best animal models for evaluation of the de- and remyelination process. Several factors such as the strain and age of the mouse (8-10 weeks), duration of the treatment (5-6 weeks), and the selected dose of cuprizone play critical roles in this model ([@ref17]). In this study, body weight of animals in all groups increased over time. The average food intake in cuprizone exposed animals was decreased during the time of exposure.

Contrary to our results, Morell *et al*. reported that the activity of the animal and their body weight during the first week of the exposure to cuprizone was reduced but did not cause any problems with the animal eating or drinking and despite the persistent cuprizone exposure, the animals retained their body weight and recovered their activity at the end of the study ([@ref18]). In addition, an increase in the relative rate of movement and a decrease in feces excretion was observed after 2 weeks of cuprizone exposure. These findings are consistent with previous published study indicating that cuprizone increased the activity of animals and decreased anxiety during the first three weeks of exposure. Also, it was suggested that the mice movement and distance traveled was significantly reduced following treatment with cuprizone ([@ref19]).

Cuprizone is a copper chelator which inhibits cytochrome oxidase and monoamine oxidase functions which leads to megamitochondria induction. It is assumed that mitochondrial disturbances in the energy-producing cycle is the main cause of oligodendrocytes apoptosis in which oligodendrocytes main function is insulation of the neural cells with myelin sheath ([@ref20]). Procaccini *et al*. confirmed this hypothesis and reported that the death of oligodendrocytes started at the end of the first week of cuprizone exposure and lasted for up to 6 weeks ([@ref21]). Our findings are in accordance with the previous works showing that in the positive control group myelin content in the corpus callosum was reduced to 19% after 6 weeks of cuprizone exposure.

It was suggested that two weeks after initiation of demyelination, proliferation and aggregation of oligodendrocytic precursor cells in the subventricular zone and demyelinated areas are visible resulting in a beginning of a remyelination process ([@ref22]). Similarly, we observed that after cuprizone withdrawal, the proportion of myelin content was increased after two weeks from 17% to 70% approximately.

Dry bee venom consists of about 2-3% apamin peptide with an 18 amino acids rigid sequence of H-Cys-Asn-Cys-Lys-Ala-Pro-Glu- Thr-Ala-Leu-Cys-Ala-Arg-Arg-Cys-Gln-Gln- His-NH2. The venom contains two disulfide bonds between Cys1-Cys11 and Cys3-Cys15 with great stability at various pH, temperature, and serum protease exposure conditions ([@ref23][@ref24]). Unlike other components of the bee venom, this peptide has the ability to cross the blood-brain barrier ([@ref25]). In this regard, Fischer *et al*. stated that apamin plays a pivotal protecting role on dopaminergic neurons while the rest of the venom components increase such effects ([@ref23]). Also, in 2013 a study showed the protective effect of honey bee venom and its apamin peptide in Parkinson's induced model with 1-methyl-4- phenyl,1,2,3, and 6-tetrahydropyridine.

Furthermore, apamin significantly reduces the activity of inflammatory cytokines and adhesion molecules, such as vascular cell adhesion molecular-1 and intracellular cell adhesion molecule-1 in THP-1 derived macrophages. In addition, apamin suppressed the expression of vascular cell adhesion molecular-1, intracellular cell adhesion molecule-1, transforming growth factor beta, and fibronectin in mice with atherosclerosis and reduced the penetration of macrophages into the vessel wall. Apamin also decreases the phosphorylation of IκB dose-dependently and inhibits nuclear factor kappa B activation at nuclear level ([@ref26]).

Several studies have indicated the presence of calcium-dependent potassium channels (SK/KCa2) in microglia and T cells, indicating the role of these channels in inflammation and neuronal degeneration processes. As a result, apamin may exert its neuroprotective effect through inhibition of these channels ([@ref27]). Apamin inhibited Kv1.3 channels, in addition to the SK channels. It has also been proven that the concentration of 10 nM of this peptide is enough to inhibit half of the Kv1.3 channels ([@ref11]). Fordyce *et al*. suggested that Kv1.3 channels play an important role in T cells, platelets, microglia and macrophages. As a result, Kv1.3 channels inhibition can cause depolarization and inhibition of the activity of immune responses ([@ref28]). Active microglia appear about two weeks before detectable demyelination in the corpus callosum, cortex, and hippocampus. With this regard, Benton *et al*. have shown that apamin at 12 nM-100 pM can inhibit 50% of SK channels function. Blocking of these channels in microglia also reduces microglial activation and prevents neurotoxicity ([@ref29]). These findings are in accordance with our results showing that apamin treatment decreased demyelination after 6 weeks of cuprizone exposure [Fig. 2D](#F2){ref-type="fig"}.

On the other hand, oligodendrocytes express different types of potassium channels at their surface such as Kv 1.3 channels and the reduction of the expression of these potassium channels at the level of oligodendrocytes is essential for the synthesis of myelin structural proteins because inhibiting the outward potassium ion current leads to differentiation and survival of oligodendrocytes. It should be noted that oligodendrocytes are supportive cells in the central nervous system and are responsible for the production of myelin. It has been proven that the activation of these channels is essential for the planned cell death, and an increase in the removal of potassium ions from the neuronal cell causes neuronal apoptosis ([@ref30]). Most likely inhibition of the above mentioned channels with apamin could enhance myelin content that could be the result of microglia cells inhibition or oligodendrocytes stimulation and needs further evaluation.

CONCLUSION {#sec1-5}
==========

Our findings suggest the protective role of apamin against neurotoxicity following exposure to cuprizone with an emphasis on corpus callosum myelin content. Apamin exhibited higher activity in preventing myelin reduction compared with the administration at the remyelination process. This observation explains the critical role of apamin in inhibiting the activation of the microglia cells than stimulation of the oligodendrocytic precursor cells for increasing myelination in the recovery phase. Further investigations on the expression of the involved proteins and the migration of oligodendrocytic precursor cells during apamin exposure are warranted.
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